In this study, observational data from 141 meteorological stations in Northwest China, including temperature, precipitation, dust storm, gale days and wind speed, were analyzed statistically to gain insight of the features of basic climate index and extreme climate events. The results showed that the annual mean temperature and seasonal mean temperature rose significantly, and the rising rate of the annual mean temperature is 0.27
Introduction and objective
It was pointed out in the IPCC Fourth Assessment Report that the global average surface temperature had increased by 0.74
• C in the last 100 years, and the rate of warming was 0.13
• C per decade in the most recent 50 years [IPCC, 2007] . From 1951 to 2009, the average surface air temperature increased by 1.38
• C in China, and the rate of warming was 0.23
• C per decade, consistent with the global warming [ECSCNARCC, 2011] . Northwest China is located in the transitioning area of the three natural zones, namely the eastern monsoon region, northwestern arid area, and the Qinghai-Tibetan Plateau. It contains four major types of climate: tropical monsoon climate, temperate monsoon climate, temperate continental (arid) climate, and plateau alpine climate from south to north. The regional geological, geomorphologic and ecological systems are complex and diverse. These natural factors and climate change are intertwined, making regional economic and social developments extremely challenging. The regional economic community has demonstrated a high degree of sensitivity to these changes. The research shows that there has been a significant warming trend in Northwest China since 1951 [Wang et al., 2007; Yu et al., 2005] . The annual precipitation 13 in Hexi regions of Gansu province and the Qinghai Plateau increases slightly, whereas the annual precipitation in Hedong regions of Gansu, Ningxia, and Shaanxi decreases slightly. The caveat of the research is also obvious. Because the meteorological stations in Northwest China are distributed unevenly, regionalaveraged precipitation using the arithmetic method will definitely lead to large errors. In recent decades, extreme weather and climate events have been increasing [Chen et al., 2012] ; the pressure of disaster prevention and mitigation becomes greater. In order to support better decision-making for the regional economic development service, there is an urgent need of objective and detailed analysis of climate change in Northwest China. Therefore, it is imperative that we take advantage of the latest meteorological data for the period of 1961-2010 to analyze the characteristics of the regional climate changes in Northwest China.
Data and method
Northwest China, in this paper, is referred to as the region of four provinces: Shaanxi, Gansu, Qinghai and Ningxia. The gauge data used in this paper are from 141 meteorological stations (Fig. 1) . The variables include monthly mean temperature, monthly mean maximum temperature, monthly mean minimum temperature, daily maximum temperature, monthly and daily precipitation, sandstorm days, gale days, and mean wind speed in the period of 1961-2010. The gale data are available from 1971 to 2010, because the gauge instrument was replaced in 1970. The regional mean surface air temperature is calculated using arithmetic average; the regional mean precipitation is calculated by the Kriging interpolation [Li et al., 2000; Zheng and Wang, 2003] . The statistical method of ttest is used to test the linear trend significance [Shi et al., 1995] . In this paper, the significant level is set as 0.05. The definitions of climate indices used in this analysis are listed in Table 1 . During 1961-2010, the regional annual mean temperature has increased significantly in Northwest China, with a increasing rate of 0.27
• C per decade ( Fig. 2) , higher than the global and the national average rates. The annual mean temperature has increased by 1.4
• C in nearly half a century. The annual mean temperature increased gradually after 1987, while rose rapidly after 1996, with the anomaly increasing from 0.4 to 1.4
• C, reaching the era of highest average temperatures.
The change of annual mean temperatures has a distinct spatial variation and obvious district difference (Fig. 3) . Overall, the warming rate in the northwestern part is greater than that in the southeastern part. The warming rate is greater than 0.3
• C per decade in the most part of Northwest China, and it is more notable in the middle north of Qinghai province and Lanzhou city in Gansu province.
3.2 Climate warming attributed to the winter warming and significant minimum temperature increasing
The seasonal mean temperature shows a consistent upward trend. Winter warming trend is very significant with the rate of 0.43
• C per decade, which is much higher than those for other seasons ( Table 2 ). The winter mean temperature increased by 2.1
• C in nearly half a century. The warming rate in spring and fall is close to that of annual mean temperature; the warming rate in summer is minimal. • C per decade, cross denotes the trend statistically significant at 0.05 level) With respect to the spatial distribution, seasonal temperatures showed a consistent warming trend, the winter warming is also the most significant. This conclusion is consistent with the results of other research [Wang et al., 2007; Ren et al., 2005] . The winter warming rate in most part of Northwest China is greater than 0.3
• C per decade, and the especially significant warming area is the belt region within 35-
40
• N with a warming rate of up to 0.5 • C per decade. This conclusion is consistent with the results by Wang et al. [2008] . Compared to winter, significant warming area in spring was significantly reduced, the warming rate in the northeastern part of Gansu Hexi Corridor, eastern Gansu, Ningxia and central Shaanxi is close to that of the annual mean temperature. The temperature increase is slightly smaller in summer than in other seasons; slight decreasing in summer was seen in southern Shaanxi. The autumn temperature trend is close to that of the annual mean temperature.
The annual mean maximum temperature and minimum temperature have showed an upward trend since 1961, with a respective warming rates of 0.28 and 0.33
• C per decade; minimum temperature rise significantly higher than the maximum temperature (Table 1). As for the spatial distribution, maximum and minimum temperatures showed a consistent warming trend, and the minimum temperature warming rate is significantly greater than those for the annual mean temperature and maximum temperature (Fig.  4a&4b) .
3.3
The increasing trend of extreme high temperature days
In the past 50 years, extreme high temperature days showed a significant increasing trend (Fig. 5) . From the mid-1990s to the 2000s, the extreme high temperature days were above normal, and have incre- 
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Figure 5
Annual extreme high temperature days in Northwest China ased significantly. In short, the annual mean and seasonal mean temperatures in Northwest China all show a consistent warming trend and the vast majority of regional warming is significant. In particular, the warming area of annual mean and winter mean temperatures is significantly wide. There is a common general warming trend in Northwest China, but the strength of the warming trend has significant regional difference and seasonal variations. Winter is the season with most obvious warming; summer in southern Shaanxi has a cooling trend. The extreme high temperature days have an increasing trend. All these have shown that Northwest China is sensitive to climate change, the annual and seasonal mean temperature rising trends are consistent with the national trend, but the warming is greater and more significant.
Precipitation
Significant decadal change in annual precipitation
During 1961-2010, the annual precipitation shows a very weak downward trend, whereas interdecadal variations are significant (Fig. 6 ). More rainfall appeared in the 1960s and 1980s; less rainfall occurred Figure 6 The time series of annual precipitation percentage anomaly in Northwest China during in the 1970s and 1990s, and slight increase was observed in the 2000s. For the four seasons, winter and summer precipitation shows slightly increasing trend, whereas spring and autumn precipitation has a weak decreasing trend.
Increasing precipitation in the west and reduced precipitation in the east
The change in annual precipitation is quite different in Northwest China (Fig. 7) . The annual precipitation in area west of the Yellow River showed an increasing trend, while showed a decreasing trend in area east of the river, with the degree of decreasing greater than that of the increasing. Thus, the regional mean precipitation has a slight decreasing trend. The region with apparent increasing precipitation is mainly located in the central Qinghai and Gansu Hexi Central, and the largest increase is in Qinghai Delingha, where precipitation increases at the speed of 12% per decade.
Strengthened precipitation intensity
The annual precipitation days showed a decreasing trend from 1961 to 2010, but the annual precipitation intensity had an upward trend except in the Hexi Corridor. With the exception of the southern Qinghai and the Hexi Corridor, the number of drizzle days and moderate rain days, and the rainfalls from drizzle and moderate rain showed a decreasing trend in other regions. Overall, the trends of light rain and moderate rain intensities are not obvious. Since the 1990s, the number of heavy rain days and total heavy rainfalls have increased, and intensity of heavy rain has enhanced.
In the past 50 years, the extreme precipitation events have an increasing trend (Fig. 8) . In the 1960s, and from the 1980s to the early 1990s, extreme precipitation events were less than normal. In the 1970s, and from the 1990s to the 2000s, extreme precipitation events were above normal.
Decreasing trend in annual average
wind speed, number of gale days and dust storm days
The dust storm days showed a significant decreas- From the 1960s to the mid-1980s, dust storms were more frequent, and the frequencies started to decrease after dust storms peaked in the mid-1980s, and by the 1990s the frequencies were significantly reduced. At the same time, both the annual mean wind speed and gales days showed a significant decreasing trend, at the rate of -0.15 m s −1 per decade and -3.3 d per decade, respectively. The significant reduction of dust storm days, gale days and wind speeds were all interrelated.
Drought
The drought in Northwest China had an increasing trend from 1961 to 2010. Especially since the 1990s, the extent of drought events tended to expand; drought frequency tended to increase because of the reduced rainfall and warming climate. During 1961-2010, there were 17 years with widespread droughts (three provinces or four provinces with droughts) in Northwest China; the frequency of the occurrence was 34%. These 17 droughts appeared respectively in 1961, 1972, 1973, 1980, 1981, 1989, 1990, 1991, 1994, 1995, 1997, 1999, 2000, 2001, 2002, 2007, and 2008 ; the droughts appeared in four provinces were in 1994, 1995, 1997 , and 2000 with heavy losses.
There were 7 droughts from 1961 to 1990, appeared every 4 years; there were 10 droughts from 1991 to 2010, appeared every 2 years. The frequency of large-scale droughts has an accelerating trend. Four droughts with the largest extent and heaviest damage all happened after 1991; there were 8 consecutive years of drought centered in Tianshui city of Gansu province from 1994 to 2001. The drought frequency in spring and autumn has increased; while has declined in summer. The drought frequency in spring and autumn was more than that in summer, especially severe drought mostly appeared in spring. These observations are consistent with the reducing precipitation in spring and autumn and increasing precipitation in summer.
Due to the complex topography and diverse terrain in Northwest China, decadal changes in droughts were significantly different in different provinces. The large-scale drought decreased in Shaanxi province; there were 11 droughts in the 1960s, 12 in the 1970s, 14 in the 1980s, 9 in the 1990s, and 5 in the 2000s.
Since the 1990s, the spring drought and spring-earlysummer drought occurrence has significantly increased than that in the 1980s in Gansu province. Latesummer drought and autumn drought in the 1990s significantly increased compared with that in the 1980s. The number of late-summer and autumn droughts appears to be significantly decreasing since 2000. The moderate drought frequency in the eastern agricultural area of Qinghai province in the 1990s was more than that in the 1960s and 1980s; since late 1980s, with climate warming, the spring drought frequency increased slightly, with moderate drought and heavy drought becoming more frequent. The drought frequency in spring and autumn is increasing in Ningxia (Fig. 9) . Overall, the autumn drought was most severe in the 1990s, weaker in the 2000s. The summer drought showed a decreasing trend; spring drought increased significantly. (1) Annual mean temperature and seasonal mean temperature in Northwest China all showed a consistent warming trend; the vast majority of regional warming was statistically significant; particularly the warming area of annual and winter mean temperature was significantly wide. The extreme high temperature days had an increasing trend.
(2) Annual precipitation showed a very weak downward trend whereas the interdecadal variations were significant. Winter and summer precipitation showed a slightly increasing trend, whereas spring and autumn precipitation demonstrated a weak decreasing trend. Annual precipitation in the area west of the Yellow River showed an increasing trend, while showed a decreasing trend in the area east of the river, with the degree of decreasing greater than that of the increasing. In the past 50 years, the extreme precipitation events have an increasing trend.
(3) Annual mean wind speed, number of gale days, and dust storm days showed a significant decreasing trend.
(4) The drought in Northwest China had an increasing trend from 1961 to 2010. There were 17 years with widespread droughts during 1961-2010. The drought frequency in spring and autumn was more than that in summer, especially severe droughts were mostly in spring. Overall, autumn drought was worst in the 1990s, weaker in the 2000s. Summer drought had a decreasing trend; spring drought increased significantly.
